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Abstract
Nanopores – nanometer-size holes are very
promising devices for many applications: DNA
sequencing, sensory, biosensoring and molec-
ular detectors, catalysis and water desalina-
tion. These applications require accurate con-
trol over nanopores size. We report computer
simulation studies of regrowth and healing of
graphene nanopores of different sizes ranging
from 30 to 5 A˚. We study mechanism, speed of
nanopores regrowth and structure of “healed”
areas in the wide range of temperatures. We
report existence of at least two distinct heal-
ing mechanisms, one so called edge attachment
where carbons are attached to the edges of
graphene sheet and another mechanism that in-
volves atom insertion directly into a sheet of
graphene even in the absence of the edges.
These findings point a significantly more
complicated pathways for graphene annealing.
They also provide an important enabling step
in development of graphene based devices for
numerous nanotechnology applications.
Introduction
Recent discovery of graphene revolutionized
material science and attracted close atten-
tion of the scientific community.1,2 Graphene
nanopores have emerged as a powerful tool for
many applications: it has been shown, that
graphene nanopores can be used for DNA se-
quencing,3 single molecule detections,4 biosens-
ing5,6 and water desalination7 to name a few.
For graphene to be a material of choice for po-
tential applications it is often desirable to pro-
duce nanostructures with the prescribed size of
the pores. Preparation of the pores is a com-
plicated process and its investigation is in its
infancy.
For the application purposes there is a signifi-
cant demand for samples with controlled sizes of
graphene nanopores and structural integrity of
the lattice around.8,9 Any modern technology,
such as electron beam drilling,10 limits the min-
imum diameters of nanopores to 2-5 nm,11,12
while for example water desalination requires
nanopores of maximum size 5.5 A˚.7 In addi-
tion, damage from the electron beam yields
undesired amorphization of the crystalline lat-
tice structure around,13 which changes elec-
tronic properties of graphene nanodevice. Fre-
quently used method of graphene healing is an-
nealing the sample in the ambient conditions
at high temperatures with the supply of ex-
tra carbon atoms.11 The atoms then attach to
the graphene structure and regrow the pores.
While this process is known empirically we find
it useful to provide a more detailed microscopic
description of the regrowth and healing process.
In this article we investigate the details of
graphene sheet growth. We study regrowth
and healing of graphene nanopores by means
of molecular Monte Carlo simulations in vari-
ous conditions in the NPT ensembles (constant
number of particles N, constant pressure P and
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constant temperature T ) with periodic bound-
ary conditions in the plane for samples of N =
4032 before the creation of nanopore.
We found two distinct healing mechanisms of
the nanopore. The first involves reconstruction
of the lattice at the open edges of the pore,
where carbon atoms approach and attach at
the edge. This mechanism is active as long
the edge, such as nanopore exists and at all
range of temperatures. The second mechanism
works when the temperature is above critical
Tc = 900 K. This mechanism is best described
as the insertion of carbon atoms directly into
the crystalline structure of graphene. These
insertions results in the formation of the de-
fects and slow drift of these defects towards the
pore. The second mechanism is present with-
out any edges and therefore operates even in
pristine graphene sheet. Both mechanisms are
described below in details.
Outline of the paper is as follows: we describe
first two different mechanisms of the pore heal-
ing in details in section Healing Mechanisms.
Subsequently, we discuss structure of healed
area and sample in general, and rate of heal-
ing as a function of temperature in Structure of
the healed nanopore. Finally, we conclude with
summary and future challenges. Details of our
approach can be found in the Methods section
in the supplement.
Healing mechanisms
We start with the open edge healing of the
nanopore and in separate subsection describe
the alternative atom insertion mechanism. To
simulate the healing of the nanopore we inject
carbon atoms in series of 32 or 18 in the free
space above and below free standing graphene
sample. Before starting the simulation, we en-
sured that neither two atoms are close enough
to become immediately bonded to the graphene
sample or between each other. We should point
that we focus on the growth of a free stand-
ing graphene. The growth of graphene on the
substrate is a more complicated matter and de-
serves a separate discussion.
Edge healing
More than half of the atoms at the edge have
less than 3 neighbours, which results in the
presence of dangling bonds. When carbon atom
appears in the close vicinity of the edge of the
nanopore, it bonds to the edge (see Fig. 1A).
Edge reconstruction proceeds by forming new
ring of carbon atoms as shown in Fig. 1B or a
dangling atom. At the next stage, it is possi-
ble, although does not have to happen imme-
diately afterwards, that new carbon atom will
be attached in the close vicinity of the previous
one (see Fig. 1C). Figure 1D shows the result
of the reconstruction of the edge. This pro-
cess repeats many times, thus reconstructing
the structure of graphene lattice, healing the
nanopore and reducing its size.9,14,15 Another
less frequent scenario we observed for the edge
healing, is the formation of a chain of carbon
atoms attached to the edge of the nanopore like
one can see in Fig. 1E. The longer the chain
the less stable it is. After a short time (from
one to ten thousand of Monte Carlo steps de-
pending on the temperature and chain length)
such chains become a part of the structure of
graphene sample. In this case (Fig. 1E) we can
se the formation of new 5 and 7 rings (defected
structure), the structure developed is “half”
of Stone-Wales defect well known for graphitic
structures.
This mechanism works as long the open edge
is present, or in other words until the nanopore
exists. The fact that new atoms attaches to the
dangling bonds, means the absence of the en-
ergy barrier and thus healing rate will be prac-
tically unaffected by the temperature.
As mentioned, the formation of chain events
are (Fig. 1E) relatively rare. In the most cases,
atoms attach to the edge one by one, with re-
construction of the edge after each event. In
several cases we observed that small chain can
reach 10-15 atoms in length and become a “cen-
ter of condensation” of other carbons and start-
ing point for the reconstruction of relatively big
area of graphene. It results in the asymmetry
of the shape of the healed nanopore, see Fig. 2.
The structure of the reconstructed lattice is not
ideal, albeit less disordered than amorphous.
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Figure 1: Edge healing mechanism: A) free car-
bon atom attaches to the open edge; B) edge
reconstruction - new ring of carbon atoms is
formed; C) second atom attached in the vicin-
ity of the previous one; D) new edge reconstruc-
tion; E) formation of a chain of carbon atoms;
F) reconstruction of the edge and formation of
new 5 and 7 rings using atoms of the chain.
The type and number of defects depend on the
temperature of the healing and will be discussed
later.
The analogous “finger-like” instability of a
free surface is common phenomenon in much
more complex biological systems. For exam-
ple, the collective motion of epithelial cells dur-
ing wound healing occurs via fingering desta-
bilisation of the border16 and results in a sim-
ilar structure as in Fig. 2. We believe, that
such similarities would be more noticeable for
nanopores of bigger sizes.
Atoms insertion healing
The second healing mechanism we found is the
atom insertions when atom inserts directly into
a graphene plane. When carbon atom ap-
pears in the close vicinity of graphene plane
but away from the edge of the nanopore, this
atom will bond to the surface of graphene sam-
ple (Fig. 3A). This configuration tends to evolve
into energetically more favorable (energy gain
∆E = 1.2 eV), if the temperature is hight
enough to overcome energy barrier. Previously
attached atom become bonded to two adjacent
carbon atoms in graphene plane, forming two
7-rings (instead of two 6-rings) and thus topo-
logical defect as shown in (Fig. 3B). We found
that energy barrier separating configurations in
Figure 2: Part of the asymmetrically healed
nanopore with “finger-like” protrusion in healed
area. Initial nanopore radius 20 A˚, healing tem-
perature 2100 K.
Figs. 3A and 3B is ∆E = 1.85 eV, which is
relatively high. As a result of this barrier, the
transition between states practically does not
occur if temperature in below Tc ≈ 900 K. Af-
ter defect is formed, it can easily move inside
graphene plane in any direction like shown in
Fig. 3C. The motion of defect is similar to the
Brownian motion of a particle, see Supplemen-
tary.
Radius-vector pointing to the nanopore from
the place where atom was initially attached in-
dicates the general direction of the motion of
the defect. Thus, excessive carbon atoms dis-
placed towards the edge of the nanopore. Next
figure (Fig. 3D) shows atomic configuration of
the same area after 15 thousand MC steps.
Here we can clearly see that: i) at the initial
position where new carbon has been attached
there is a perfect lattice; ii) defect moved ap-
proximately 10 A˚ to the left and up, towards
the nanopore.
In reality these two healing mechanisms works
simultaneously. The relative importance of
each of them depends on the size of the pore
and temperature. The smaller the size of the
nanopore - the greater is the role played by
the surface healing. Moreover, even when the
nanopore is nearly healed, atoms still binds
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Figure 3: Surface healing mechanism: A) free
carbon atom binds to the graphene surface; B)
formation of topological defect which consist of
two 7-rings; C) newly added atom “displaces”
original atom (marked with red dot), defect
starts to move; D) position of defect (marked
with red dot) after 15000 steps, defect moved
≈ 10 A˚ left-up from the initial position towards
the nanopore.
to the surface, introducing defects in the crys-
talline structure.
Healing rate
Healing rate of the nanopore is directly propor-
tional to the supply rate of carbon atoms in the
sample. In addition, the attachment rate will
depend on temperature. We will present the re-
sult assuming constant supply rate in all of our
simulations.
To determine the quantitative behaviour of
the healing rate, we use increase of the num-
ber of carbon atoms with respect to the num-
ber of Monte Carlo steps, or Monte Carlo time
∂N/∂t ∝ ∂S/∂t, where S is healed area. As
we described above, at the temperatures be-
low T = 900 K healing rate drastically de-
creases, because atom insertions mechanism
ceases to work and carbon atoms attached to
the graphene surface practically do not get in-
volved into healing. Thus, we used healing rate
at T = 900 K as a unit of measure, and ex-
press healing rates at other temperatures with
respect to the healing rate at T = 900 K.
Figure 4 shows relative average healing rate
for different simulation temperatures. For ev-
ery temperature presented result is an aver-
age of 20 to 40 simulations for every stud-
ied nanopore diameter. As we can see heal-
ing rate is linearly proportional to the temper-
ature and increasing with the healing tempera-
ture. We also found that healing rate is prac-
tically independent on nanopore size. Taking
into account that, ∂S/∂t ∝ R∂R/∂t, and thus
∂R/∂t ∝ 1/R∂S/∂t ∝ 1/√(S)∂S/∂t, where
R ∝ √S is characteristic size of the pore. Con-
stant healing rate ∂S/∂t meant that radial heal-
ing ∂R/∂t rate increases during healing, which
in turn requires fine control in the final stage or
if target size of the pore is small.
Figure 4: Relative healing rate ∂S/∂t as func-
tion of temperature.
Structure of the healed
nanopore
We now discuss the structure of healed area
and how it depends on the healing tempera-
ture. Figure 2 shows reconstructed structure
of graphene sample. Easy to notice that re-
constructed area is not perfect and consists not
only of hexagons, but also of pentagons, hep-
tagons and octagons. In the perfect graphene
sample carbon atoms arranged in a honeycomb
lattice and each atom is connected to three
its nearest neighbours. Therefore, imperfection
can be described as a number of non-hexagons
with respect to a number of hexagons in the
structure.
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Figure 5 shows number of “rings” of differ-
ent types in the healed area for the sample
with nanopore of R = 20 A˚ which was healed
at T = 1500 K. For the healing temperature
of 900 and 1500 K, the number of hexagons
(“R6” rings) is a approximately 40% of the total
number of structural rings in the healed area,
the number of heptagons (“R7”) and octagons
(“R8”) together is equal to approximately 15-
20% of the total number of rings and the rest
of the area is consists of pentagons (“R5”). In-
crease of the healing temperature to 2100 K re-
sults in significant changes: the number of “R6”
rings grows to approximately 60% in the cost of
“R5” rings. Thus, that increase of the temper-
ature results in more “graphitic” quality of the
healed area.
Figure 5: Structure of healed area, sample size
100*100 A˚, initial nanopore radius 20 A˚.
Area outside of the nanopore is also affected
by the healing process due to insertion healing
mechanism. It results in the formation of hep-
tagons (“R7”) in the cost of hexagons (“R6”).
Unlike the structure of healed area, this pro-
cess is practically unaffected by temperature,
the number of R7 rings is directly proportional
to the healing time.
Conclusions
The ability to control annealing and healing of
graphene is essential next step in future appli-
cations of the graphene based materials. We
have found at least two healing mechanisms for
graphene: one is the fully expected from pre-
vious discussions in the literature edge healing
mechanism.9,14,14 We also find another mecha-
nism we call the “atom insertion” that it ap-
pears, not have been discussed earlier.
We verify the natural expectation that the
rate of nanopore healing is significantly affected
by temperature and increasing linearly with T,
at least within available MC data. Therefore,
our results suggest possibility to control the fi-
nal size of healed pore by terminating annealing
at a prescribed time.
We also confirm that healing is statistical pro-
cess that tends to produce high asymmetries in
re-grown pores (se Fig. 2). This statistical irreg-
ularity can itself be factor that would limit the
quality of healed nanopore and therefore this
aspect might limit applicability of this healing
method for potential applications that use con-
trolled size graphene nanopore.
We have analyzed the structure of the healed
area and found significant number of pentagons
and heptagons being produced. Moreover, the
number of pentagons and heptagons is not
equal, indicating change of topology.
Methods
In our simulations we study graphene by means
of molecular Monte Carlo simulations. The in-
teratomic interactions are calculated with the
LCBOPII potential17 that we have shown to
describe well the elastic and thermal properties
of graphene.18,19 It is important to note that
this potential allows bond breaking and forma-
tion with realistic energy barriers. Also it gives
a significantly better description of the lattice
dynamics20 than the Tersoff potential.21
We perform MC simulations at finite tem-
perature T with periodic boundary conditions
for a sample of N = 4032 atoms (ideal sample,
without nanopore) with equilibrium size at zero
temperature of 103.30 A˚ in the x direction and
102.24 A˚ in the y direction. Nanopores have
been created in the following way: first, atoms
within the circles of pre-defined radius (from 5
to 30 A˚ with the step of 5 A˚) have been re-
moved. Second, the sample was annealed at
5
4200 K to simulate the damage induced by the
electronic beam at the edges of the nanopore.
Finally, samples were cooled to 300 K and re-
equilibrated at this temperature. Table 1 shows
parameters of the obtained samples, with radii
5, 10, 15, 20, 25 and 30 A˚.
Table 1: Parameters of the samples used in sim-
ulations
R, A˚ Number of atoms removed Atoms left
5 28 4004
10 122 3910
15 270 3762
20 474 3558
25 748 3284
30 1080 2952
To simulate healing, carbon atoms were
added randomly is small series of 9 or 16 atoms
at the both sides of the sample (totally 18 or
32 atoms in each series). In both cases atoms
were added at the random height from 3 to
8 A˚ below or above the sample spreaded over
the area 21x21 A˚ or 40x40 A˚ for the first and
second cases respectively. It was checked, that
minimum distance between atoms was at least
3 A˚, thus neither two atoms can become im-
mediately bonded between or with the sample.
The atoms were added relatively close to the
graphene sample to speedup simulations. In
general, atoms can be added far away from the
graphene sample, but such procedure signifi-
cantly increases simulation time. After atoms
were added, the evolution of the system was
simulated for 50000 MC steps.
After finishing the simulation, new series of
atoms were added as described above, and sys-
tem were run for new 50000 steps. This cy-
cle was repeated until the complete healing the
nanopore or until pore reaches required size.
After finishing the complete healing cycle, the
structure of the sample was analyzed as de-
scribed in Structure of the healed nanopore sec-
tion of this paper.
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